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The time-scale of o p t i c a l l y  t h i ck  condensa- 
t i o n s  i n  p r e s s u r e  e q u i l i b r i u m  w i t h  t h e  low 
d e n s i t y  gas c o n s t i t u t i n g  t h e  rest of a p l a n e t a r y  
nebula  is comparable t o  the  life-time of t he  
nebula.  Some o b s e r v a t i o n a l  aspects of such  7 

condensa t ions  are d i scussed ,  

The time-scale of condensa t ions  n o t  i n  p r e s s u r e  e q u i l i -  
brium w i t h  t h e  remainder of a p l a n e t a r y  nebula  has  been 
shown t o  be s h o r t  compared t o  the  l i fe- t ime of the  nebula  
(Wil l iams,  1969). I t  is possible  f o r  a s i t u a t i o n  s imilar  
t o  t h a t  of an  H I  c loud  immersed i n  an H I 1  r e g i o n  (Spi tzer ,  
1968) t o  e x i s t  i n  a p l a n e t a r y  nebula .  I n  t h e  c a s e  of a 
p l a n e t a r y  nebula ,  t h e  i o n i z e d  material l e a v i n g  t h e  conden- 
s a t i o n  i n t e r a c t s  w i t h  t h e  rest  of t h e  nebula  and t h e r e f o r e ,  
cannot  f r e e l y  expand. I n  t h e  absence of non-gas dynamic 
f o r c e s ,  t h e  condensat ion-nebula  s y s t e m  w i l l  dynamically seek 
p r e s s u r e  equ i l ib r ium.  Th i s  behavior  w i l l  lead t o  t h e  

d i s t r u c t i o n  of an o p t i c a l l y  t h i n  condensa t ion ;  bu t  because 
t h e  e q u i l i b r i u m  tempera ture  i n  a low d e n s i t y  g a s  exposed t o  a n  
e x t e r n a l  sou rce  of r a d i a t i o n  is p r i m a r i l y  a f u n c t i o n  of 
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of op t i ca l  t h i c k n e s s ,  an o p t i c a l l y  t h i c k  condensat ion 
can still e x i s t  after p r e s s u r e  e q u i l i b r i u m  is achieved  
between t h e  condensa t ion  and t h e  res t  of t h e  nebula .  

The l i m i t i n g  case of a very o p t i c a l l y  t h i c k  conden- 
s a t i o n  i n  p r e s s u r e  equ i l ib r ium w i t h  t h e  lower d e n s i t y  
nebular  gas i n  which it is submersed is of i n t e r e s t  
because it l e n d s  itself t o  a simple a n a l y s i s  which allows 
some g e n e r a l  s t a t e m e n t s  t o  be made about  its o b s e r v a t i o n a l  
p r o p e r t i e s .  Computations show t h a t  t h e  tempera ture  i n s i d e  
such  a condensat ion is on t h e  o rde r  of 1 0 0 ° K ,  w h i l e  t h a t  
o u t s i d e  is on t h e  order  of 1000O°K. 
corresponding t o  p r e s s u r e  e q u i l i b r i u m  is therefore about  
200.  Although carbon,  magnesium, and o ther  e lements  w i t h  
low i o n i z a t i o n  p o t e n t i a l s  provide  some i o n i z a t i o n  i n  t h e  
i n t e r i o r  of t h e  condensa t ion ,  t he  tempera ture  and e l e c t r o n  

The d e n s i t y  r a t i o  

d e n s i t y  are very low, s o  t h a t  most of the  r a d i a t i o n  must 
arrise from t h e  boundary between t h e  condensa t ion  and the  
res t  of t h e  nebula .  

The e x i s t e n c e  of such condensa t ions  depends upon a 
source  of d i f f u s e  r a d i a t i o n  e x t e r n a l  t o  t h e  condensa t ion ,  
presumably t h a t  of the  remainder of t h e  nebula ,  which pro- 
v i d e s  t h e  r a d i a t i o n  necessary  f o r  t h e  i o n i z a t i o n  boundary 
on t h e  s i d e  hidden from t h e  c e n t r a l  s t a r .  If the  e x t e r n a l  
sou rce  of d i f f u s e  r a d i a t i o n  is weak t h e  condensa t ions  
might be e longa ted  r a d i a l l y  away from t h e  c e n t r a l  s t a r ,  
depending on the  geometry involved.  Because of t h e  com- 
pl icated geometry necessary  f o r . t h e  proper t r ea tmen t  of 
d i f f u s e  r a d i a t i o n  q u a n t i t a t i v e  r e s u l t s  based on model 
condensa t ions  are p r e s e n t l y  u n a v a i l a b l e .  However, estimates 
of t y p i c a l  v a l u e s  of t h e  i o n i z a t i o n  boundary t h i c k n e s s  t g  
and t h e  d i s t a n c e  t10 which corresponds t o  a change of 10 i n  
t he  opt ica l  depth i n s i d e  t he  condensat ion for a sequence of 
t y p i c a l  nebular  and condensat ion d e n s i t i e s  t o g e t h e r  w i t h  a 
nominal sequence of sizes are p r e s e n t e d  i n  Table  1. 
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If t h e  condensa t ion  and nebula  remain i n  p r e s s u r e  
e q u i l i b r i u m  a s  t h e  nebula  evo lves  t h e  d e n s i t y  of t h e  
condensat ion p 

t h a t  of t h e  nebula  pn  as l o n g  as t h e  condensat ion is 
o p t i c a l l y  t h i c k ,  Thus, p c  " - k  
b,/p, - p n / p n ,  s o  t h a t  t h e  t i m e  s c a l e  f o r  t h e  condensa t ion  
is about  t h e  same as t h a t  of t h e  nebula .  The e v o l u t i o n  
of t h e  condensat ion s ize  depends on whether or n o t  there 
is m a s s  exchange between it  and the rest of t h e  nebula .  
If there is none, t hen  G C / r C  = i c / 3 p c ,  and ,it fo l lows  t h a t  
t h e  size of t h e  o p t i c a l l y  t h i c k  part  of the  condensa t ion  
remains a c o n s t a n t  f r a c t i o n  of t h e  nebular  r a d i u s .  The 

w i l l  be almost  d i r e c t l y  p r o p o r t i o n a l  t o  
C 

where k = 200 ,  and Pn 2 
4 - l .  

nebular  r a d i i  Rn and condensa t ion  diameters Dc given i n  
Table  1 were chosen on t h e  b a s i s  of no mass exchange and 
show a hypo the t i ca l  evo lu t iona ry  sequence. 

As t h e  nebula  and condensa t ion  evolve  t o g e t h e r ,  t he  
decreas ing  d e n s i t y  causes  t h e  boundary between them t o  
t h i c k e n ,  s o  t h a t  t h e  size of t h e  v i s i b l e  pa r t  of t h e  
condensat ion grows r e l a t i v e  t o  the  rest  of the nebula .  The 
effect  of c e n t r a l  s ta r  e v o l u t i o n  would be t o  produce a 
t h i n n e r  boundary, bu t  t he  r e s u l t s  of Sofia  and Hunter (1968) 
i n d i c a t e  t h a t  c e n t r a l  s ta r  e v o l u t i o n  may be neg lec t ed  when 
cons ide r ing  nebular  dynamics. The d e n s i t y  decrease asso-  
c i a t e d  w i t h  t h e  nebular  e v o l u t i o n  allows ionizing:  r a d i a t i o n  - 

2 -1/3 t o  reach farther i n t o  t h e  condensa t ion  boundary (Rs a <Ne> Y 

where Rs is t h e  Stromgren sphere r a d i u s ) ,  s o  t h a t  there 
is a n e t  mass l o s s  from t h e  condensa t ion  t o  t h e  nebula .  
However, the  c o n t r i b u t i o n  of t h e  material l e a v i n g  t h e  con- 
densa t ion  t o  t h e  op t ica l  t h i c k n e s s  of the boundary and t h e  
sur rounding  lower d e n s i t y  gas t e n d s  t o  r e g u l a t e  t he  m a s s  
l o s s .  Because the  assumption t h a t  t he  v e l o c i t y  of t h e  nebu la r  
gas  r e l a t ive  t o  the  condensa t ion  is the  sound v e l o c i t y  i n  
the nebula  (cf. S p i t a e r ,  1968) is n o t  compatable w i t h  t h e  
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assumption of approximate p r e s s u r e  e q u i l i b r i u m ,  it is n o t  
p o s s i b l e  t o  s p e c i f y  a n  a p p r o p r i a t e  boundary s t r u c t u r e  and 
thereby deduce the  ra te  of mass l o s s  wi thout  de ta i led  
computations,  Also,  because t h e  spectrum of such a 
condensa t ion  depends on t h e  d e t a i l s  of t h e  boundary 
s t r u c t u r e ,  it is no t  p o s s i b l e  t o  q u a n t i t a t i v e l y  p red ic t  
t h e  spectrumo However, some q u a l i t a t i v e  s t a t e m e n t s  about  
t h e  spectral  appearance may be based on t h e  f ac t  t ha t  t h e  
e x i s t e n c e  of a n  o p t i c a l l y  t h i c k  condensa t ion  i n  p r e s s u r e  
e q u i l i b r i u m  w i t h  t h e  res t  of t h e  nebula  depends upon a 
source  of d i f f u s e  r a d i a t i o n  e x t e r n a l  t o  the condensat ion.  

toward t h e  cont inuous  a b s o r p t i o n  edges of H, H e ,  and He',. 
reaches t h e  pa r t  of t h e  condensat ion boundary which is 
o p t i c a l l y  th ick  t o  the  stellar r a d i a t i o n .  The re fo re ,  t h i s  

p a r t  r e c e i v e s  very l i t t l e  0' and Nf i o n i z i n g  r a d i a t i o n  
and the  i n t e g r a t e d  spectrum of t he  condensa t ion  should  have 
r e l a t i v e l y  enhanced [ O I I ]  and [ N I I ]  l i n e s .  Also, because 
t h e  abundance of 0'' is l o w  and c o o l i n g  due t o  oxygen 
diminished,  t h e  tempera ture  of t h a t  par t  should  be higher  
than  tha t  i n f e r r e d  from t h e  average energy of an  absorbed 
photon (cf.  Harr ington ,  1968). The spectrum i n  both t h e  

fo rb idden  and permi t ted  l i n e s  of o t h e r  i o n s  shou ld  be 
s e n s i t i v e  t o  t h e  e x t e r n a l  sou rce  of d i f f u s e  r a d i a t i o n ,  as  
w e l l  as t h e  geometry and d i s t r i b u t i o n  of d e n s i t y  through 
t h e  boundary of the condensat ion.  Because t h e  r a d i a t i o n  
longward of 912a f o r  hydrogen or l l02a f o r  carbon,  which 

determines the  tempera ture  i n s i d e  an o p t i c a l l y  t h i c k  con- 
. densa t ion ,  is almost independent of p o s i t i o n ,  t h e  v a r i a t i o n  

i n  d e n s i t y  r e q u i r e d  t o  provide  a zero p r e s s u r e  g r a d i e n t  
i n s i d e  the  condensa t ion  is n e g l i g i b l e .  The re fo re ,  t he  
condensat ion can  take on almost  any c o n f i g u r a t i o n  as  l o n g  
as it is smaller t h a n  the  e x t e r n a l  source of d i f f u s e  r a d i a t i o n ,  

Only d i f f u s e  r a d i a t i o n ,  which is s t r o n g l y  concen t r a t ed  
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Nn( ~m'~) 

lo4 
lo3 
lo2 
10 
9 

TABLE 1 

ESTIMATED CONDENSATION PROPERTIES 

l.Oxl0 2X1O6 1 . o ~ ~ o ~ ~  6. O X ~ O ~ ~  
2.15 ~ 3 ~ 1 0 ~  2.15 2.8~10' 
4.64 2x1~4 4.64 1. 3x1Ol6 

16 10.0 2x1~3 10.0 6.0~10 
21.5 2X1O2 21.5 10l6 2. Sx10l7 
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